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Abstract 
Background: Rheumatoid arthritis (RA) is a chronic autoinflammatory disorder that affects small joints. Despite 
intense efforts, there are currently no definitive markers for early diagnosis of RA and for monitoring the progression 
of this disease, though some of the markers like anti CCP antibodies and anti vimentin antibodies are promising. We 
sought to catalogue the proteins present in the synovial fluid of patients with RA. It was done with the aim of identify-
ing newer biomarkers, if any, that might prove promising in future.
Methods: To enrich the low abundance proteins, we undertook two approaches—multiple affinity removal system 
(MARS14) to deplete some of the most abundant proteins and lectin affinity chromatography for enrichment of gly-
coproteins. The peptides were analyzed by LC–MS/MS on a high resolution Fourier transform mass spectrometer.
Results: This effort was the first total profiling of the synovial fluid proteome in RA that led to identification of 956 
proteins. From the list, we identified a number of functionally significant proteins including vascular cell adhesion 
molecule-1, S100 proteins, AXL receptor protein tyrosine kinase, macrophage colony stimulating factor (M-CSF), pro-
grammed cell death ligand 2 (PDCD1LG2), TNF receptor 2, (TNFRSF1B) and many novel proteins including hyaluro-
nan-binding protein 2, semaphorin 4A (SEMA4D) and osteoclast stimulating factor 1. Overall, our findings illustrate the 
complex and dynamic nature of RA in which multiple pathways seems to be participating actively.
Conclusions: The use of high resolution mass spectrometry thus, enabled identification of proteins which might be 
critical to the progression of RA.
Keywords: Lubricant, Bone repair, Neovascularisation, Hyaluronic acid, Osteoclastogenesis,  
Apoptosis, Angiogenesis
© 2016 Bhattacharjee et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International 
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any 
medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons 
license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.
org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
Background
Rheumatoid arthritis (RA) is known to be a chronic and 
pathologically complex autoimmune disorder of joints [1, 
2]. Progressive destruction of cartilage and bone over a 
period of 20 years can completely disable a patient diag-
nosed with RA [1]. The etiology and pathophysiology of 
this disease are not well understood and early diagnosis 
still remains challenging [2]. The mortality in patients 
mainly results from involvement of the cardiovascular 
system [3, 4] and renal complications [5]. The prevalence 
of this disease worldwide is about 1  % [6] along with a 
reduction in life expectancy by 3–18  years [7]. Some 
biomarkers that have been correlated with disease activ-
ity include the S100 proteins, matrix metalloproteinases 
and serum amyloid proteins [8–10]. Diagnostic markers 
include citrullinated proteins and anticyclic antibodies 
in addition to the rheumatoid factor [11–14]. The use 
of these markers in clinical medicine is still fraught with 
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The biology of the disease is highly complex and mani-
fests as a cascade of events observed during progres-
sion of the disease. Some of these include development 
of autoantibodies referred to as the rheumatoid factor, 
appearance of anti-citrullinated protein antibodies and 
bone and cartilage erosion, which eventually leads to 
systemic manifestations including involvement of the 
cardiovascular system and the kidneys [2, 15, 16]. The 
critical mediators in RA are considered to be pro-inflam-
matory cytokines such as RANKL, TWEAK and granu-
locyte macrophage colony stimulating factor (GM-CSF) 
[17–19]. Progressive erosion of bone in the affected sites 
manifests as a pseudotumoral condition of the synovium 
called pannus where all these complex cascades of events 
occur [20].
Identification of biomarkers with potential use for 
diagnostics and therapy is critical to make further pro-
gress in improving the clinical outcomes for patients 
with RA [21]. Mass spectrometry, in particular, could 
be useful for discovery of protein biomarkers [22]. Ide-
ally, the underlying biological events in an RA patient 
are potentially reflected at the site of pathogenesis. To 
this end, we cataloged proteins from synovial fluid aspi-
rated from knee joints of patients with RA using mass 
spectrometry-based proteomics [23]. The synovial fluid 
is a lubricant, composed of hyaluronic acid, inflamma-
tory cells and proteins released from synovial fibroblasts, 
synovial membrane and inflammatory cells [24]. To our 
knowledge, there is no published study describing global 
profiling of the synovial fluid proteome from RA patients. 
However, there are multiple differential proteomic stud-
ies using synovial fluid samples of RA cases [25–27].
Similar studies describing global protein profiling in 
other human body fluids including urine, haemodialysis 
fluid, ovarian follicular fluid, pancreatic juice and bile 
have already been carried out by our group [28–31]. We 
generated a comprehensive catalog of proteins from 20 
synovial fluid samples, which revealed diverse families 
of proteins with functions ranging from osteoclastogen-
esis and angiogenesis to atherogenesis. We believe that 
our data might provide more insights into the pathogen-




Blood free synovial fluid samples from 20 RA cases were 
collected in Na-heparin coated BD vacutainers (cat no. 
367883367883). During every collection, the sample was 
centrifuged at 2000  rpm for 10  min and thereafter the 
cell free supernatant was kept at −80 °C [32]. Sample col-
lection was done from Fortis Hospitals, Bangalore, India 
and from Armed Forces Medical College, India after 
obtaining ethics committee clearance from the respective 
hospitals. Patients with RA were included who fulfilled 
the ACR EULAR 2010 criteria [33]. All the patients had 
symmetrical polyarthritis with high acute phase reac-
tants (ESR and/or CRP). They were all positive for either 
rheumatoid factor or anti Cyclic citrullinated peptide 
(anti CCP) or both. They had mean disease duration of 
37.45 months and had active disease at time of inclusion 
in study. Synovial fluid was collected from the knee joint 
in all patients. Informed consent was obtained from all 
the patients. The clinical profile and demographic details 
are included in Additional file 1: Table S1.
Multiple lectin affinity chromatography
Glycoprotein enrichment from 20 pooled synovial fluid 
samples containing 2.5  mg proteins was carried out by 
using a mixture of three agarose-bound lectins, Wheat 
Germ Agglutinin, Concanavalin A and Jacalin (Vector 
laboratories, USA), as described previously by our group 
[32, 34]. Briefly, pooled lectin beads were incubated with 
protein samples in Tris-buffered saline (0.05  M Tris–
HCl, pH 7.5, 0.15 M NaCl). After overnight incubation at 
4 °C, the bound glycoproteins were eluted using competi-
tive elution with a mixture of 100 mM of M-pyranoside, 
galactose, melibiose and N-acetyl glucoseamine in Tris-
buffered saline, pH 7.5. The eluates were then washed 
and concentrated using 3  kDa MWCO filters (Amicon, 
Millipore, Ireland). The multilectin affinity approach 
yielded ~250  µg equivalent proteins and then stored 
at −20  °C until further use. These enriched proteins 
were then fractionated in SDS-PAGE followed by in-gel 
trypsin digestion.
Multiple affinity removal system (MARS) for depleting 
abundant proteins
MARS-14 mini spin column (Agilent Technologies, 
Santa Clara, USA) was used to deplete top 14 abundant 
proteins (albumin, IgG, antitrypsin, IgA, transferrin, hap-
toglobin, fibrinogen, alpha2-macroglobulin, alpha1-acid 
glycoprotein, IgM, apolipoprotein AI, apolipoprotein AII, 
complement C3, and transthyretin) from synovial fluid. 
Briefly, 20 µl synovial fluid was reconstituted in 140 µl of 
load/wash buffer (Buffer A, Agilent Technologies, Santa 
Clara, USA) and the loaded MARS spin column was then 
centrifuged at 2000 rpm for 10 min at room temperature. 
The flow through was collected separately and using elu-
tion buffer (Buffer B, Agilent Technologies, Santa Clara, 
USA), the bound high abundant proteins were eluted out. 
The entire protocol was followed as per the manufactur-
er’s instructions. A total of 5 mg equivalent protein was 
depleted to 250 µg, out of which 150 µg was separated on 
SDS-PAGE followed by in-gel trypsin digestion. Rest of 
100  µg equivalent proteins was subjected to in-solution 
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trypsin digestion followed by strong cation exchange 
chromatography (SCX)-based fractionation.
In‑gel trypsin digestion
We carried out in gel-based trypsin digestion of each of 
the multilectin enriched proteins and MARS depleted 
proteins. SDS PAGE gels (10 %) were stained using col-
loidal-Commassie stain. Protein bands were excised and 
thereafter in-gel trypsin digestion was carried out, as 
described previously [30]. Briefly, protein bands were 
excised and chopped into 1  mm3 pieces. The gel pieces 
were destained in 40 % acetonitrile in 40 mM ammonium 
bicarbonate. Proteins were reduced using 5 mM di-thio-
threitol (DTT) followed by alkylation using 10 mM iodo-
acetamide (IAA). In-gel trypsin digestion was carried out 
at 1:20 enzyme to protein ratio overnight at 37  °C. Pep-
tides were extracted, desalted and kept at −20 °C till fur-
ther analysis.
Strong cation exchange chromatography (SCX)
The remaining set of MARS-14 depleted proteins 
(~100  µg equivalent) was subjected to reduction and 
alkylation followed by in-solution trypsin digestion as 
described previously [30]. Resulting peptides were recon-
stituted in SCX solvent A (10  mM KH2PO4, 25  % ace-
tonitrile pH 2.8) and loaded on a PolySULPHOETHYL A 
column (PolyLC, Columbia, MD, USA) using an Agilent 
1200 HPLC system containing a binary pump, UV detec-
tor and a fraction collector. Peptides were fractionated 
by a 50 min gradient of 8–50 % solvent B (350 mM KCl 
in solvent A) and fractions were collected using fraction 
collector. The complexity of each fraction was deter-
mined based on UV absorbance at 214 nm. The fractions 
were then cleaned using custom made C18 stage-tips 
(3  M Empore high-performance extraction disks, St. 
Paul, Minnesota, USA) and were then vacuum dried and 
kept at −20 °C until further analysis.
LC–MS/MS analysis
Peptide fractions were analysed on LTQ Orbitrap XL 
ETD mass spectrometer (Thermo, San Jose, CA, USA) 
interfaced with Eksigent nanoLC400 (AB SCIEX, CA, 
USA), to perform a reverse phase separation of peptides. 
At first, peptides were enriched on a trap column (75 µm 
X 2 cm, Magic-C18-AQ material 5 µm, 100 Å) with solvent 
A (0.1 % formic acid) at a flow rate of 4 µl/min. The pep-
tides were then resolved with a flow rate of 350  nl/min 
on a 10  cm long analytical column packed with 5  µm 
Magic-C18-AQ material (Michrom Bioresources, Inc., 
Auburn, CA, USA) by a gradient of 10–60  % solvent B 
(90 % acetonitrile in 0.1 % formic acid) over 60 min. The 
MS spectra were acquired in a data dependent manner 
in the Orbitrap at a mass resolution of 60,000 at 400 m/z 
while the MS/MS spectra were acquired in a linear ion 
trap (LTQ) mass analyzer. Nine most abundant precur-
sor ions from a survey scan within m/z range from 350 
to 1800 with a minimum signal threshold of 1000 were 
isolated with a 4  Da window and fragmented by CID 
with 35  % normalized collision energy. Dynamic exclu-
sion was set to 90  s with a 7  ppm mass window. Maxi-
mum ion injection times were set to 10 ms for MS and 
100  ms for MS/MS. The automatic gain control targets 
were set to 5 × 105 for MS in the Orbitrap, 1 × 104 for 
MSn in the LTQ.Xcalibur (version 2.0.7) was used for 
data acquisition.
Data analysis
Protein identification was carried out using Mascot and 
Sequest search algorithms through the Proteome Dis-
coverer software suite 1.3 (Thermo Scientific, Bremen, 
GmBH). Searches were carried against Human RefSeq 
protein database (Release 50, containing 33,249 protein 
entries). Trypsin was used as protease with maximum 1 
missed cleavage allowed. Carbamidomethyl of Cysteine 
(C) was set as a static modification and protein N-ter-
minal Acetylation, Oxidation of methionine (M) and 
deamidation of Asparagine (N) and glutamine (Q) were 
set as dynamic modifications. MS tolerance was set to 
20 ppm while MS/MS tolerance was set to 0.8 Da. Sub-
sequently, the identified peptides were filtered-based on 
false discovery rate (FDR) cut-off of 1  %. In addition to 
the full tryptic searches, we also carried out semi-tryptic 
searches using Mascot algorithm with all the previously 
mentioned modifications.
Bioinformatics analysis
Gene ontology (GO)-based analysis was performed to 
classify proteins based on molecular function, biologi-
cal process and subcellular localizations by the use of 
our in-built repository, Human Protein Reference Data-
base (HPRD) (http://hprd.org) [35]. Using an in-house 
generated database called the Plasma Proteome Data-
base (PPD) (http://www.plasmaproteomedatabase.org/), 
a publicly available repository of plasma proteins with 
published evidence [36], we have segregated our protein 
list into two sets, one set comprising proteins that were 
already reported in plasma with literature evidence and 
the other set with no published evidence.
Results and discussion
Our comprehensive protein profiling approach uti-
lized a nanoflow LC coupled with high resolution mass 
spectrometry. The work flow employed for this study is 
shown in Fig. 1. The complexity of protein composition 
was reduced by subjecting the 20 pooled RA synovial 
fluid samples to depletion and multilectin affinity-based 
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glycoprotein enrichment. Depletion of 14 most abundant 
proteins was done using MARS Human 14 columns. Gly-
coprotein enrichment was carried out by using a mix-
ture of three lectins—Concanavalin A, Jacalin and wheat 
germ agglutinin [32]. Use of multiple lectins allowed us 
to specifically enrich both N- and O-linked glycoproteins, 
thereby increasing the coverage of glycoproteins [37]. A 
total of 956 proteins were identified from this analysis 
(Additional file  2: Table S2). A partial list of previously 
reported and novel proteins is provided in Tables 1 and 
2, respectively.
Summary of previously reported proteins in RA
Inflammatory mediators
We identified a number of proteins involved in inflam-
mation. These proteins included complement proteins, 
C1q, C1r, C1s, C2, C3, C4 and C5. Synovial tissues of RA 
patients have been reported to express almost all of the 
complement genes [38, 39]. Complement activation has 
been considered as a target for therapeutic approaches. 
CD93, a cell surface glycoprotein and an inflammatory 
mediator, was identified in our study. This molecule has 
already been reported to be involved in the pathogenesis 
of the disease [40]. It induces the differentiation of mono-
cytes to macrophage-like cells and triggers the expression 
of tumor necrosis factor alpha (TNFα) [40]. We observed 
both CSF1 and its receptor, CSF1R, among the identified 
proteins. The CSF-CSFR complex is reported to augment 
osteoclastogenesis through proliferation, differentiation 
and fusion of osteoclast precursors [41]. Additionally, we 
identified osteopontin (OPN), another positive regula-
tor of osteoclastogenesis coupled to the RANKL pathway 
[42]. Identification of tumour necrosis factor receptor 2 
(TNFRSF1B), known as TNFR2, in the list of identified 
proteins is also in agreement with studies showing higher 
levels in synovial fluids of RA patients [43].
S100 proteins
The integral hallmark in RA is pannus formation, which 
refers to abnormal growth of blood vessels leading to a 
pseudotumerous condition. We identified several mark-
ers manifested in pannus formation that belong to the 
S100 family of proteins—notable ones include S100A11, 
S100A8 and S100A9 [8, 44]. Formation of the S100A8/
(S100A9)2 heterotrimer complex referred to as calpro-
tectin has been considered as an acute stage marker of 
RA [44–46]. This complex is reported to be involved in 
inducing inflammatory reactions in the microenviron-
ment, it has also been found to overexpress MMPs lead-
ing to cartilage destruction in murine models of arthritis 
[47]. An MS/MS spectrum of one of the representative 
peptides of S100A8 is shown in Fig. 2a.
Enzymes and inhibitors
We identified protein-arginine deiminase type 2 (PADI2) 
in our study. It belongs to the peptidyl arginine deiminase 
family of enzymes that carries out citrullination reac-
tions, the post-translational deimination reaction of pro-
teins accompanied by the conversion of arginine residues 
into citrullines [48]. Citrullination of proteins like plasmi-
nogen and fibrinogen is predominant in RA in which the 
synovial fluid in
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Fig. 1 Schematic of the work flow implemented in the study. Syno-
vial fluid samples were collected from 20 RA patients. Equal amounts 
of proteins were taken from all samples and pooled together fol-
lowed by two sets of protein enrichment: glycoprotein enrichment 
using multiple lectins and depletion of abundant proteins using 
MARS14. The enriched proteins were thereafter taken for fractionation 
and trypsin digestion. The fractionated tryptic peptides were then 
analyzed in a high resolution mass spectrometer. The data acquired 
were processed and subsequently analyzed using appropriate 
software
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citrullinated proteins also serve as autoantigens [49]. The 
critical function of this enzyme in RA has been studied 
previously [50]. We also observed angiotensin converting 
enzyme (ACE) which has been previously reported to be 
overexpressed in synovial stroma in patients with RA as 
compared to those with osteoarthritis [51]. An increase 
in the levels of ACE essentially reflects the production 
of angiogensin II, which is a local vasoconstrictor [51]. 
From this work, we observed matrix metalloproteinases 
(MMPs) and cysteine proteases, which are critical media-
tors of bone erosion. MMPs including the MMP1, MMP3 
and MMP9 were detected in our study. These are colla-
genases that degrade proteins of the extracellular matrix 
in the affected joints [9, 52]. Cysteine proteases, referred 
to as the cathepsins, were also found and they include 
cathepsin B, D, H, S and Z types and are actively involved 
in bone resorption [53].
Growth factors and binding proteins
One interesting aspect of our findings is that we iden-
tified a broad array of growth factors. Growth factors 
are known inducers of a number of biological events 
including cellular growth, proliferation and cellular 
differentiation. Together with cytokines they play sig-
nificant roles in the microenvironment of the rheuma-
toid synovium [54]. Several such events are yet to be 
understood in the manifestation of the complex patho-
genesis of the disease [54]. Connective tissue growth 
factor (CTGF) a secretory protein, with an integral role 
of coupling chondrogenesis (cartilage formation) with 
neo-angiogenesis, was found in our protein list [55]. It 
has recently been suggested as a potential therapeutic 
target for RA [56]. A recent report mentioned the Notch 
pathway dependent overexpression of vascular endothe-
lial growth factor 3, FLT4 (VEGF3) which eventually 
enhances angiogenesis [57]. Interestingly, we found both 
neurogenic locus notch homolog protein 2 (NOTCH2) 
and FLT4 in the list, suggesting the imminent occurrence 
of an extensive angiogenesis in RA [57]. Notch2 protein 
(NOTCH2) has been reported to be overexpressed in 
synovial fibroblasts [58] and in synovium of RA patients 
[55]. Association of Notch signaling with osteoclastogen-
esis has also been considered a significant contributor to 
the pathogenesis of RA [59]. Its potential role of inducing 
the expression of MMPs in endothelial cells, through a 
VEGF dependent manner, provided evidence in regulat-
ing vascular endothelial cell morphogenesis [60]. Role of 
vascularisation in the synovium of RA patients by AXL 
receptor tyrosine kinase has also been studied earlier; 
thus its presence in our list is in agreement with previ-
ous studies [61] (MS/MS spectrum of one its peptides 
is shown in Fig. 2b). The presence of hepatocyte growth 
factor (HGF), which is mainly secreted by the mesenchy-
mal stem cells and belongs to the plasminogen subfam-
ily [62] was also observed. This multifunctional protein, 
apart from its role in angiogenesis [63], is found to be 
critical to osteoclastogenesis where it can substitute the 
role of MCSF in the presence of RANKL [64].
We observed several insulin like growth factor binding 
proteins, known as IGFBPs (IGFBP2, IGFBP3, IGFBP4, 
IGFBP5, IGFBP6 and IGFBP7) in our dataset. Regulators 
of cell division, the insulin-like growth factors (IGF-1 and 
2), in particular, form complexes with the specific binding 
proteins (IGFBPs) [65]. Till date, six IGFBPs have been 
found and are associated with a wide range of functions. 
According to a previous report, they seem to activate or 
inhibit the functioning of IGFs, based upon the micro-
environment [65]. In an earlier study in RA patients, 
IGFBP3 was found to inhibit cartilage synthesis by block-
ing the insulin growth factor1 (IGF1) mediated chondro-
cyte activation of cartilage synthesis [66].
Extracellular matrix proteins
We observed several extracellular matrix proteins that 
were already reported in RA. Bone repair, an integral 
part of bone homeostasis in RA, is primarily aided by 
Table 1 A partial list of proteins identified that were previ-
ously reported




C1QA Complement C1q Immune response
MMP9 Matrixmetalloproteinase 9 Extracellular matrix (ECM) 
degradation
S100A8 Protein S100A8 Pannus formation
PDL2 Programmed death 
ligand 2
Inhibitor of T cell signaling
NOTCH2 Neurogenic locus notch 
homolog protein 2
Synovial hyperplasia and 
osteoclastogensis
Table 2 Partial list of novel proteins
Gene symbol Protein Biological role
CDH13 Cadherin 13 Cell adhesion
FBLN1 Fibulin-1 Antiangiogensis
ITIH1 Inter-alpha-trypsin inhibitor heavy 
chain H1
Hyaluronan binding
LCN2 Neutrophil gelatinase-associated 
lipocalin
Renal failure
MTPN Myotrophin Cardiac hypertrophy
CASP14 Caspase 14 Anti-apoptosis
HABP2 Hyaluronan-binding protein 2 Atherosclerosis
OSTF1 Osteoclast stimulating factor 1 Bone resorption
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the different members of the extracellular matrix pro-
teins. The vital members identified include collagens 
(COL12A1, COL14A1, COL15A1, COL18A1, COL1A1, 
COL1A2, COL2A1, COL3A1, COL5A1, COL6A1, 
COL6A2 and COL6A3), cytokeratins (KRT1, KRT10, 
KRT14, KRT16, KRT2, KRT5, KRT6A, KRT6B, KRT74, 
KRT77 and KRT9) and cartilage oligomeric matrix pro-
tein (COMP). The overexpressed cytokeratins in synovial 
membranes of RA patients have been already reported 
[67]. The higher levels of collagens in synovial fluids of 
RA patients have been observed to induce the expres-
sion of cytokines in mononuclear cells, thus exaggerat-
ing inflammation [68]. COMP has recently been named 
as a prognostic and diagnostic marker of RA [69]. We 
also observed lumican (LUM), a proteoglycan compo-
nent which binds to collagens and its secretion locally 
reflects bone repair [70]. Extracellular matrix protein 1 
(ECM1) is an extracellular matrix marker protein in RA. 
It is involved in regulating bone formation and promotes 
angiogenesis [71]. In our previous study, we identified the 
overexpression of LUM and ECM1 in RA with respect to 
spondyloarthropathy [32].
Vascular cell adhesion proteins
The cell adhesion molecules (CAMs) participate in differ-
ent types of homo and heterotypic cell–cell interactions, 
the characteristic events in RA. We identified all three 
major families of these proteins—L-Selectin (SELL), 
cadherins (CDH1, CDH5, CDH5 and CDH6), neural 
cell adhesion molecule 1 (NCAM1), vascular cell adhe-
sion molecule (VCAM1) and intercellular adhesion mol-
ecule 1 (ICAM1)—all of whom have been implicated in 
the pathogenesis of RA [72]. VCAM1 has been found to 
be a fundamental player of T cell infiltration [73] and an 
indicative marker of endothelial dysfunction in RA [74]. 
An increase in the levels of the different vascular cells 
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Fig. 2 Tandem mass spectral representations of peptides with their corresponding proteins, Protein S100A8 (a), tyrosine-protein kinase receptor 
UFO, AXL (b), Hyaluronan Binding protein 2, HABP2 (c) and Cadherin 13, CDH13 (d). The peptide sequences have been mentioned with every cor-
responding protein as illustrated
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adhesion proteins in synovial fluid have been proposed to 
reflect an increase in atherosclerosis, a leading cause of 
death in RA patients [74–76].
Membrane proteins
Several membrane proteins were found in our list provid-
ing evidence of the proteolytic reactions occurring in the 
microenvironment. Decay accelerating factor (CD55), a 
70-kDa membranous protein, has been reported to be a 
critical co-stimulator of T cell proliferation [77] and was 
found to be associated with RA [78]. We have found an 
essential component of the T cell tolerance, PD-1 ligand, 
a membrane protein expressed in antigen presenting cells 
which binds to PD-1 in T cells that may induce T cell dys-
function [79, 80], a critical condition in RA.
Summary of novel proteins
In this study, we identified several novel proteins in syno-
vial fluid of RA patients. Hyaluronan-binding protein 2 
(HABP2), an extracellular serine protease that has been 
reported to participate in negatively regulating the vascu-
lar integrity by RhoA/Rho kinase signaling pathway was 
identified [81]. An MS/MS spectrum of one of its pep-
tides is shown in Fig. 2c. Angiotensin, a potent inducer of 
neovascularisation, was found in our list [82]. Fibulin-1 
(FBLN1) is a secretory glycoprotein characterized by the 
presence of repeated growth factor like domains and a 
unique C-terminus structure [83]. This protein has been 
shown to have anti-angiogenic activity [83]. Neutrophil 
gelatinase-associated lipocalin, (LCN2) is considered as 
a potential biomarker of acute kidney injury [84]. It is 
an iron binding extracellular protein usually expressed 
by granulocytes and is involved in reducing angiogensis 
by repressing the expression of VEGF [85]. Cadherin 13 
(CDH13), a member of the cadherin superfamily of adhe-
sion molecules was never reported in RA. This protein 
mediates a calcium-dependent cell–cell adhesion in all 
tissue types [86] (tandem MS spectrum of one of its rep-
resentative peptides is provided in Fig.  2d). Osteoclast-
stimulating factor 1 (OSTF1) is an intracellular protein 
and has been reported to induce osteoclast formation 
and thus essentially increases bone resorption [87]. It 
acts via interactions with c-Src or other Src-related pro-
teins [87]. A critical activator of T cell signalling, induc-
ible co-stimulator ligand (ICOSLG) was identified in our 
study. Its binding to the receptor, ICOS, would poten-
tially activate the T cell proliferation [88, 89]. Although 
its functional role has been studied in collagen-induced 
arthritis models in mice [90], its presence in synovial 
fluid of patients has never been detected to the best of 
our knowledge. Intriguingly, in addition to the T cell acti-
vators, we have identified some inhibitors as well, which 
might reflect the homeostatic activity within the joint. T 
cell activation signals can be inhibited by the immuno-
receptor tyrosine-based inhibitory motifs (ITIMs)—one 
such protein, CD300A, was found in our list [91]. Addi-
tionally, we detected SH2 domain containing protein 
tyrosine phosphatase, Shp1 (PTPN6), an essential media-
tor of the CD300a mediated pathway [91].
Gene ontology‑based classification of proteins
To obtain a deeper biological insight into the protein list 
that we have generated, we classified proteins into gene 
ontology-based categories including molecular func-
tion, biological process and subcellular localization using 
HPRD (http://www.hprd.org/) (for details, please see 
Fig.  3a, b and Additional file  3: Table S3). We observed 
that the proteins are mostly either extracellular or cyto-
plasmic in nature, and are primarily involved in a cascade 
of functions, including immune response, cell growth 
and cell–cell communication.
Semi‑tryptic peptides
Considering the extensive proteolytic events in the 
pathological site of RA, we sought to identify proteins 
by semi-tryptic searches in addition to the fullytryptic 
searches. As explained earlier, in vivo derived proteolytic 
fragments might be identified from semi-tryptic searches 
[92]. Thus, we implemented this strategy to identify addi-
tional proteins by using semi-tryptic search constraints. 
Out of the 956 proteins identified, a total of 98 proteins 
were identified uniquely from the Mascot-based semi-
tryptic search. From total 5884 peptides, 1831 peptides 
were identified by full tryptic searches while 1270 pep-
tides were identified by semi-tryptic searches and 2783 
peptides were found to be identified by both search 
types. The protein distribution was listed in Additional 
file 2: Table S2 and Fig. 3c.
Comparison of synovial fluid proteins with plasma proteins
We overlapped our data with the protein list from PPD 
(http://www.plasmaproteomedatabase.org/), a reposi-
tory of proteins reported in plasma/serum with pub-
lished literature evidence [93]. There were 130 proteins 
found to be uniquely present in synovial fluid and till 
date they were not observed in circulation as reported in 
the serum/plasma (see Additional file 3: Table S3). Inter-
estingly, in this protein list, we found a novel cytokine 
involved in osteoclastogenesis, secreted osteoclasto-
genic factor of activated T cells (SOFAT). This molecule 
has been reported to be a novel cytokine which induces 
the expression of IL-6 in osteoblasts. Interleukin-6 is a 
cytokine that upregulates osteoclastogensis in RA in a 
RANKL-independent manner [94]. An integral protein 
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observed from the list is phosphatidylinositide phos-
phatase SAC2 (INPP5F), which contains a Sac domain 
and has been implicated in cardiovascular disorders 
[95]. One of its family members, inositol polyphosphate-
5-phosphatase (INPP5E), a 72  kDa protein, was identi-
fied in the circulating mononuclear cells of RA patients 
[96]. We observed semaphorin 4A (SEMA4A), a class IV 
transmembrane protein that binds to the T cell immuno-
globulin and mucin domain-containing protein 2 (TIM2), 
in activated T cells. This Sema4A–Tim2 complex triggers 
T cell activation [97]. Taken together, our data validates 
the significance of studying proximal fluids for biomarker 
discovery.
Conclusions
The main objective of the study was to identify proteins 
that are specifically present in the pathological site called 
synovial fluids using high resolution MS. This way it 
would give a better picture to understand the biology of 
RA.
From the list, we observed proteins that are critical 
players of a cascade of biological events including angio-
genesis (AXL, FLT4, Notch2), osteoclastogenesis (CSF/
CSFR, NOTCH2, OPN), pannus formation (S100 fam-
ily), endothelial dysfunction and cell migration (ICAM, 
VCAM-1), activators and inhibitors of T cell signal-
ling (CD300a, PTPN6, PDL2) and finally inflammation 
(TNFR2). We believe our data could be a useful resource 
for biomarker discovery in RA. Recently, our group has 
identified a number of proteins overexpressed in RA with 
respect to spondyloarthropathy using high resolution MS 
technology [32].
As the aspiration of joint fluids from normal indi-
viduals cannot be carried out for ethical reasons and 
because there is very little synovial fluid in the absence 
of any inflammation of the joint, we could not com-
pare RA synovial fluid proteome with that obtained 
from normal individuals [98]. Taken together, we 
propose that MS-based studies on diseased biologi-
cal fluid samples would be beneficial for discovery of 
disease biomarkers. Our data should be valuable in 




The processed data is available online in Human Pro-
teinpedia (http://www.humanproteinpedia.org/data_
display?exp_id=00852) [99], the in-house developed 
repository of proteins identified from mass spectrom-
etry-based reports. The mass spectrometry proteom-
ics data have been deposited to the ProteomeXchange 
Consortium (http://www.proteomexchange.org) via the 
PRIDE partner repository [100] with the dataset identi-
fier PXD000740.






Additional file 1: Table S1. Clinical details of patients used in the study.
Additional file 2: Table S2. List of proteins and their corresponding 
peptides identified in the study.
Additional file 3: Table S3. Details of proteins identified in the study 







































Proteins from Semitryptic 
              search
Proteins from fulltryptic 
             search
Fig. 3 Pie chart representations of proteins in terms of biological 
process (a) and cellular component (b) Majority of the proteins were 
found to be extracellular, cytoplasmic ortransmembrane in nature. 
They are associated with a number of biological functions includin-
gimmune response, metabolic reactions, cell communications and 
several others. A Venn diagram illustrating distribution of proteins 
identified from semi and fulltryptic searches used in the study (c). 
From a total of 956 proteins, 98 were derived from only the Mascot-
based semitryptic searches and 504 were obtained from both the full 
tryptic and semitryptic searches and the rest were reported by only 
full tryptic constraints
Page 9 of 11Bhattacharjee et al. Clin Proteom  (2016) 13:12 
Authors’ contributions
MB, AP and SS planned the research project. RJ and SS provided their 
patient synovial fluid samples. MB and RG carried out sample preparation 
and processed the samples. SR and GS carried out fractionation and mass 
spectrometry analysis. MB, SR and JA analyzed mass spectrometry derived 
data. MB prepared figures. JA prepared supplementary tables. MB, LB, JA and 
RJ contributed to manuscript writing. AP, SS, TSKP provided critical inputs and 
revised the manuscript. All authors read and approved the final manuscript.
Author details
1 Institute of Bioinformatics, International Technology Park, Bangalore 560066, 
India. 2 Amrita School of Biotechnology, Amrita University, Kollam 690525, 
India. 3 Department of Biotechnology, Kuvempu University, Shankara-
ghatta 577451, India. 4 Manipal University, Madhav Nagar, Manipal 576104, 
India. 5 Department of Rheumatology, Fortis Hospital, Bangalore 560066, 
India. 6 Department of Rheumatology, Medical Division, Command Hospital 
(Air Force), Bangalore 560007, India. 7 McKusick-Nathans Institute of Genetic 
Medicine, Johns Hopkins University School of Medicine, 733 N. Broadway, BRB 
527, Baltimore, MD 21205, USA. 8 Department of Biological Chemistry, Johns 
Hopkins University School of Medicine, Baltimore, MD 21205, USA. 9 Depart-
ment of Pathology, Johns Hopkins University School of Medicine, Baltimore, 
MD 21205, USA. 10 Department of Oncology, Johns Hopkins University School 
of Medicine, Baltimore, MD 21205, USA. 
Acknowledgements
We thank the Department of Biotechnology (DBT), Government of India for 
research support to the Institute of Bioinformatics, Bangalore. Jayshree Advani 
and Gajanan Sathe are recipients of Senior Research Fellowship of the Council 
of Scientific and Industrial Research (CSIR), India. T.S. Keshava Prasad is the 
recipient of a Young Investigator award from DBT.
Competing interests
The authors declare that they have no competing interests.
Ethics clearance
Ethics clearance obtained from (1) AFMC Pune where SS was working at time 
of project. Committee registered vide ECR/650/Inst/MH/2014. (2) Fortis Hos-
pital Bangalore where RJ was working. Committee registered vide ECR/378/
Inst/KA/2013.
Received: 12 February 2016   Accepted: 26 April 2016
References
 1. Scott DL, Symmons DP, Coulton BL, Popert AJ. Long-term out-
come of treating rheumatoid arthritis: results after 20 years. Lancet. 
1987;1(8542):1108–11.
 2. McInnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl J 
Med. 2011;365(23):2205–19. doi:10.1056/NEJMra1004965.
 3. Turiel M, Sitia S, Atzeni F, Tomasoni L, Gianturco L, Giuffrida M, et al. 
The heart in rheumatoid arthritis. Autoimmun Rev. 2010;9(6):414–8. 
doi:10.1016/j.autrev.2009.11.002.
 4. Voskuyl AE. The heart and cardiovascular manifestations in rheumatoid 
arthritis. Rheumatology (Oxford). 2006;45(Suppl 4):iv4–7. doi:10.1093/
rheumatology/kel313.
 5. Icardi A, Araghi P, Ciabattoni M, Romano U, Lazzarini P, Bianchi G. Kidney 
involvement in rheumatoid arthritis. Reumatismo. 2003;55(2):76–85.
 6. Doan T, Massarotti E. Rheumatoid arthritis: an overview of new 
and emerging therapies. J Clin Pharmacol. 2005;45(7):751–62. 
doi:10.1177/0091270005277938.
 7. Pincus T, Callahan LF. Taking mortality in rheumatoid arthritis seri-
ously—predictive markers, socioeconomic status and comorbidity. J 
Rheumatol. 1986;13(5):841–5.
 8. Baillet A. S100A8, S100A9 and S100A12 proteins in rheumatoid arthritis. 
Rev Med Interne. 2010;31(6):458–61. doi:10.1016/j.revmed.2009.10.435.
 9. Chen CH, Lin KC, Yu DT, Yang C, Huang F, Chen HA, et al. Serum matrix 
metalloproteinases and tissue inhibitors of metalloproteinases in 
ankylosing spondylitis: MMP-3 is a reproducibly sensitive and specific 
biomarker of disease activity. Rheumatology (Oxford). 2006;45(4):414–
20. doi:10.1093/rheumatology/kei208.
 10. Urieli-Shoval S, Linke RP, Matzner Y. Expression and function of serum 
amyloid A, a major acute-phase protein, in normal and disease states. 
Curr Opin Hematol. 2000;7(1):64–9.
 11. Rexhepi S, Rexhepi M, Sahatciu-Meka V, Tafaj A, Izairi R, Rexhepi B. The 
role of anti-cyclic citrullinated peptide antibodies in predicting rheu-
matoid arthritis. Reumatizam. 2011;58(1):12–4.
 12. Le Loet X, Strotz V, Lequerre T, Boumier P, Pouplin S, Mejjad O, et al. 
Combining anti-cyclic citrullinated peptide with the American Col-
lege of Rheumatology 1987 criteria failed to improve early rheuma-
toid arthritis diagnosis in the community-based very early arthritis 
cohort. Rheumatology (Oxford). 2011;50(10):1901–7. doi:10.1093/
rheumatology/ker217.
 13. Shilkina NP, Luzinova MS, Vinogradov AA. Anticitrullin antibodies—
modern markers of rheumatoid arthritis. Ter Arkh. 2011;83(1):70–5.
 14. Deane KD, Norris JM, Holers VM. Preclinical rheumatoid arthritis: 
identification, evaluation, and future directions for investiga-
tion. Rheum Dis Clin North Am. 2010;36(2):213–41. doi:10.1016/j.
rdc.2010.02.001.
 15. Daien CI, Fesler P. Rheumatoid arthritis: a cardiovascular disease? Ann 
Cardiol Angeiol (Paris). 2011;. doi:10.1016/j.ancard.2011.07.008.
 16. Tsybul’ko SV, Baranov AA, Korshunov NI, Kirdianov S, Abaitova NE, Bori-
sova OL. Clinico-immunological aspects of renal lesions in rheumatoid 
arthritis. Klin Med (Mosk). 2001;79(7):52–7.
 17. Bhattacharjee M, Raju R, Radhakrishnan A, Nanjappa V, Muthusamy B, 
Singh K, et al. A bioinformatics resource for TWEAK-Fn14 signaling path-
way. J Signal Transduct. 2012;2012:376470. doi:10.1155/2012/376470.
 18. Raju R, Balakrishnan L, Nanjappa V, Bhattacharjee M, Getnet D, Muth-
usamy B, et al. A comprehensive manually curated reaction map of 
RANKL/RANK-signaling pathway. Database (Oxford). 2011;2011:bar021. 
doi:10.1093/database/bar021.
 19. Cook AD, Turner AL, Braine EL, Pobjoy J, Lenzo JC, Hamilton JA. Regula-
tion of systemic and local myeloid cell subpopulations by bone marrow 
cell-derived granulocyte-macrophage colony-stimulating factor in 
experimental inflammatory arthritis. Arthritis Rheum. 2011;63(8):2340–
51. doi:10.1002/art.30354.
 20. Yonezawa I, Okuda T, Won JH, Sakoda J, Nakahara D, Nojiri H, et al. 
Retrodental mass in rheumatoid arthritis. J Spinal Disord Tech. 2012;. 
doi:10.1097/BSD.0b013e3182621a05.
 21. Bugatti S, Manzo A, Caporali R, Montecucco C. Assessment of synovitis 
to predict bone erosions in rheumatoid arthritis. Ther Adv Musculo-
skelet Dis. 2012;4(4):235–44. doi:10.1177/1759720X12453092.
 22. Ali M, Manolios N. Proteomics in rheumatology: a new direction for 
old diseases. Semin Arthritis Rheum. 2005;35(2):67–76. doi:10.1016/j.
semarthrit.2005.07.002.
 23. Ruiz-Romero C, Calamia V, Carreira V, Mateos J, Fernandez P, Blanco FJ. 
Strategies to optimize two-dimensional gel electrophoresis analysis of 
the human joint proteome. Talanta. 2010;80(4):1552–60. doi:10.1016/j.
talanta.2009.05.022.
 24. Smith MD. The normal synovium. Open Rheumatol J. 2011;5:100–6. doi:
10.2174/1874312901105010100.
 25. Mateos J, Lourido L, Fernandez-Puente P, Calamia V, Fernandez-
Lopez C, Oreiro N, et al. Differential protein profiling of synovial 
fluid from rheumatoid arthritis and osteoarthritis patients using 
LC-MALDI TOF/TOF. J Proteomics. 2012;75(10):2869–78. doi:10.1016/j.
jprot.2011.12.042.
 26. Gibson DS, Blelock S, Curry J, Finnegan S, Healy A, Scaife C, et al. Com-
parative analysis of synovial fluid and plasma proteomes in juvenile 
arthritis—proteomic patterns of joint inflammation in early stage 
disease. J Proteomics. 2009;72(4):656–76.
 27. Liao H, Wu J, Kuhn E, Chin W, Chang B, Jones MD, et al. Use of mass 
spectrometry to identify protein biomarkers of disease severity in the 
synovial fluid and serum of patients with rheumatoid arthritis. Arthritis 
Rheum. 2004;50(12):3792–803. doi:10.1002/art.20720.
 28. Marimuthu A, O’Meally RN, Chaerkady R, Subbannayya Y, Nanjappa V, 
Kumar P, et al. A comprehensive map of the human urinary proteome. J 
Proteome Res. 2011;10(6):2734–43. doi:10.1021/pr2003038.
 29. Molina H, Bunkenborg J, Reddy GH, Muthusamy B, Scheel PJ, Pandey A. 
A proteomic analysis of human hemodialysis fluid. Mol Cell Proteomics. 
2005;4(5):637–50. doi:10.1074/mcp.M500042-MCP200.
Page 10 of 11Bhattacharjee et al. Clin Proteom  (2016) 13:12 
 30. Barbhuiya MA, Sahasrabuddhe NA, Pinto SM, Muthusamy B, Singh TD, 
Nanjappa V, et al. Comprehensive proteomic analysis of human bile. 
Proteomics. 2011;11(23):4443–53. doi:10.1002/pmic.201100197.
 31. Gronborg M, Bunkenborg J, Kristiansen TZ, Jensen ON, Yeo CJ, Hruban 
RH, et al. Comprehensive proteomic analysis of human pancreatic juice. 
J Proteome Res. 2004;3(5):1042–55. doi:10.1021/pr0499085.
 32. Bhattacharjee M, Sharma R, Goel R, Balakrishnan L, Renuse S, Advani J, 
et al. A multilectin affinity approach for comparative glycoprotein pro-
filing of rheumatoid arthritis and spondyloarthropathy. Clin Proteomics. 
2013;10(1):11. doi:10.1186/1559-0275-10-11.
 33. Aletaha D, Neogi T, Silman AJ, et al. Rheumatoid arthritis classifica-
tion criteria: an American College of Rheumatology/European 
League Against Rheumatism collaborative initiative. Arthritis Rheum. 
2010;62:2569–81. doi:10.1002/art.27584.
 34. Chaerkady R, Thuluvath PJ, Kim MS, Nalli A, Vivekanandan P, Simmers J, 
et al. O labeling for a quantitative proteomic analysis of glycoproteins 
in hepatocellular carcinoma. Clin Proteomics. 2008;4(3–4):137–55. 
doi:10.1007/s12014-008-9013-0.
 35. Keshava Prasad TS, Goel R, Kandasamy K, Keerthikumar S, Kumar S, Mathi-
vanan S, et al. Human protein reference database—2009 update. Nucleic 
Acids Res. 2009;37(Database issue):D767–72. doi:10.1093/nar/gkn892.
 36. Muthusamy B, Hanumanthu G, Suresh S, Rekha B, Srinivas D, Karthick L, 
et al. Plasma Proteome Database as a resource for proteomics research. 
Proteomics. 2005;5(13):3531–6. doi:10.1002/pmic.200401335.
 37. Fanayan S, Hincapie M, Hancock WS. Using lectins to harvest the 
plasma/serum glycoproteome. Electrophoresis. 2012;33(12):1746–54. 
doi:10.1002/elps.201100567.
 38. Neumann E, Barnum SR, Tarner IH, Echols J, Fleck M, Judex M, et al. Local 
production of complement proteins in rheumatoid arthritis synovium. 
Arthritis Rheum. 2002;46(4):934–45.
 39. Breitner S, Storkel S, Reichel W, Loos M. Complement components 
C1q, C1r/C1 s, and C1INH in rheumatoid arthritis. Correlation of in situ 
hybridization and northern blot results with function and protein 
concentration in synovium and primary cell cultures. Arthritis Rheum. 
1995;38(4):492–8.
 40. Jeon JW, Jung JG, Shin EC, Choi HI, Kim HY, Cho ML, et al. Soluble CD93 
induces differentiation of monocytes and enhances TLR responses. J 
Immunol. 2010;185(8):4921–7. doi:10.4049/jimmunol.0904011.
 41. Hodge JM, Kirkland MA, Nicholson GC. Multiple roles of M-CSF in 
human osteoclastogenesis. J Cell Biochem. 2007;102(3):759–68. 
doi:10.1002/jcb.21331.
 42. Ishii T, Ohshima S, Ishida T, Mima T, Tabunoki Y, Kobayashi H, et al. Osteo-
pontin as a positive regulator in the osteoclastogenesis of arthritis. 
Biochem Biophys Res Commun. 2004;316(3):809–15. doi:10.1016/j.
bbrc.2004.02.124.
 43. Cope AP, Aderka D, Doherty M, Engelmann H, Gibbons D, Jones AC, 
et al. Increased levels of soluble tumor necrosis factor receptors in the 
sera and synovial fluid of patients with rheumatic diseases. Arthritis 
Rheum. 1992;35(10):1160–9.
 44. de Seny D, Fillet M, Ribbens C, Maree R, Meuwis MA, Lutteri L, et al. 
Monomeric calgranulins measured by SELDI-TOF mass spectrometry 
and calprotectin measured by ELISA as biomarkers in arthritis. Clin 
Chem. 2008;54(6):1066–75. doi:10.1373/clinchem.2007.099549.
 45. Gebhardt C, Nemeth J, Angel P, Hess J. S100A8 and S100A9 in 
inflammation and cancer. Biochem Pharmacol. 2006;72(11):1622–31. 
doi:10.1016/j.bcp.2006.05.017.
 46. Perera C, McNeil HP, Geczy CL. S100 Calgranulins in inflammatory arthri-
tis. Immunol Cell Biol. 2010;88(1):41–9. doi:10.1038/icb.2009.88.
 47. van Lent PL, Grevers LC, Blom AB, Arntz OJ, van de Loo FA, van der 
Kraan P, et al. Stimulation of chondrocyte-mediated cartilage destruc-
tion by S100A8 in experimental murine arthritis. Arthritis Rheum. 
2008;58(12):3776–87. doi:10.1002/art.24074.
 48. Yamada R, Suzuki A, Chang X, Yamamoto K. Citrullinated proteins in 
rheumatoid arthritis. Front Biosci. 2005;10:54–64.
 49. Bicker KL, Thompson PR. The protein arginine deiminases: structure, 
function, inhibition, and disease. Biopolymers. 2013;99(2):155–63. 
doi:10.1002/bip.22127.
 50. De Rycke L, Nicholas AP, Cantaert T, Kruithof E, Echols JD, Vandekerck-
hove B, et al. Synovial intracellular citrullinated proteins colocalizing 
with peptidyl arginine deiminase as pathophysiologically relevant 
antigenic determinants of rheumatoid arthritis-specific humoral 
autoimmunity. Arthritis Rheum. 2005;52(8):2323–30. doi:10.1002/
art.21220.
 51. Walsh DA, Catravas J, Wharton J. Angiotensin converting enzyme in 
human synovium: increased stromal [(125)I]351A binding in rheuma-
toid arthritis. Ann Rheum Dis. 2000;59(2):125–31.
 52. Giannelli G, Erriquez R, Iannone F, Marinosci F, Lapadula G, Antonaci S. 
MMP-2, MMP-9, TIMP-1 and TIMP-2 levels in patients with rheumatoid 
arthritis and psoriatic arthritis. Clin Exp Rheumatol. 2004;22(3):335–8.
 53. Ikeda Y, Ikata T, Mishiro T, Nakano S, Ikebe M, Yasuoka S. Cathepsins B 
and L in synovial fluids from patients with rheumatoid arthritis and the 
effect of cathepsin B on the activation of pro-urokinase. J Med Invest. 
2000;47(1–2):61–75.
 54. Higgs R. Rheumatoid arthritis: synergistic effects of growth factors drive 
an RA phenotype in fibroblast-like synoviocytes. Nat Rev Rheumatol. 
2010;6(7):383. doi:10.1038/nrrheum.2010.92.
 55. Ishii H, Nakazawa M, Yoshino S, Nakamura H, Nishioka K, Nakajima 
T. Expression of notch homologues in the synovium of rheu-
matoid arthritis and osteoarthritis patients. Rheumatol Int. 
2001;21(1):10–4.
 56. Nozawa K, Fujishiro M, Kawasaki M, Yamaguchi A, Ikeda K, Morimoto 
S, et al. Inhibition of connective tissue growth factor ameliorates 
disease in a murine model of rheumatoid arthritis. Arthritis Rheum. 
2013;65(6):1477–86. doi:10.1002/art.37902.
 57. Benedito R, Rocha SF, Woeste M, Zamykal M, Radtke F, Casanovas O, 
et al. Notch-dependent VEGFR3 upregulation allows angiogenesis with-
out VEGF-VEGFR2 signalling. Nature. 2012;484(7392):110–4. doi:10.1038/
nature10908.
 58. Jiao Z, Wang W, Ma J, Wang S, Su Z, Xu H. Notch signaling mediates 
TNF-alpha-induced IL-6 production in cultured fibroblast-like synovio-
cytes from rheumatoid arthritis. Clin Dev Immunol. 2012;2012:350209. 
doi:10.1155/2012/350209.
 59. Sekine C, Koyanagi A, Koyama N, Hozumi K, Chiba S, Yagita H. Dif-
ferential regulation of osteoclastogenesis by Notch2/Delta-like 1 and 
Notch1/Jagged1 axes. Arthritis Res Ther. 2012;14(2):R45. doi:10.1186/
ar3758.
 60. Funahashi Y, Shawber CJ, Sharma A, Kanamaru E, Choi YK, Kita-
jewski J. Notch modulates VEGF action in endothelial cells by 
inducing matrix metalloprotease activity. Vasc Cell. 2011;3(1):2. 
doi:10.1186/2045-824X-3-2.
 61. O’Donnell K, Harkes IC, Dougherty L, Wicks IP. Expression of recep-
tor tyrosine kinase Axl and its ligand Gas6 in rheumatoid arthritis: 
evidence for a novel endothelial cell survival pathway. Am J Pathol. 
1999;154(4):1171–80. doi:10.1016/S0002-9440(10)65369-2.
 62. Hughes AL. Modes of evolution in the protease and kringle domains 
of the plasminogen–prothrombin family. Mol Phylogenet Evol. 
2000;14(3):469–78. doi:10.1006/mpev.1999.0685.
 63. Morishita R, Aoki M, Hashiya N, Yamasaki K, Kurinami H, Shimizu S, et al. 
Therapeutic angiogenesis using hepatocyte growth factor (HGF). Curr 
Gene Ther. 2004;4(2):199–206.
 64. Adamopoulos IE, Xia Z, Lau YS, Athanasou NA. Hepatocyte growth 
factor can substitute for M-CSF to support osteoclastogenesis. 
Biochem Biophys Res Commun. 2006;350(2):478–83. doi:10.1016/j.
bbrc.2006.09.076.
 65. Ranke MB, Elmlinger M. Functional role of insulin-like growth factor 
binding proteins. Horm Res. 1997;48(Suppl 4):9–15.
 66. Neidel J, Blum WF, Schaeffer HJ, Schulze M, Schonau E, Lindschau 
J, et al. Elevated levels of insulin-like growth factor (IGF) binding 
protein-3 in rheumatoid arthritis synovial fluid inhibit stimulation by 
IGF-I of articular chondrocyte proteoglycan synthesis. Rheumatol Int. 
1997;17(1):29–37.
 67. Chang X, Jian X, Yan X. Expression and citrullination of keratin in syno-
vial tissue of rheumatoid arthritis. Rheumatol Int. 2009;29(11):1337–42. 
doi:10.1007/s00296-009-0863-1.
 68. Jeng KC, Liu MT, Lan JL, Wu CH, Wong DW, Cheung BM. Collagen 
induces cytokine production by synovial fluid mononuclear cells in 
rheumatoid arthritis. Immunol Lett. 1995;45(1–2):13–7.
 69. Tseng S, Reddi AH, Di Cesare PE. Cartilage oligomeric matrix protein 
(COMP): a biomarker of arthritis. Biomark Insights. 2009;4:33–44.
 70. Raouf A, Ganss B, McMahon C, Vary C, Roughley PJ, Seth A. Lumican 
is a major proteoglycan component of the bone matrix. Matrix Biol. 
2002;21(4):361–7.
Page 11 of 11Bhattacharjee et al. Clin Proteom  (2016) 13:12 
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
 71. Mongiat M, Fu J, Oldershaw R, Greenhalgh R, Gown AM, Iozzo RV. Per-
lecan protein core interacts with extracellular matrix protein 1 (ECM1), 
a glycoprotein involved in bone formation and angiogenesis. J Biol 
Chem. 2003;278(19):17491–9. doi:10.1074/jbc.M210529200.
 72. Veale DJ, Maple C. Cell adhesion molecules in rheumatoid arthritis. 
Drugs Aging. 1996;9(2):87–92.
 73. Postigo AA, Garcia-Vicuna R, Diaz-Gonzalez F, Arroyo AG, De Landazuri 
MO, Chi-Rosso G, et al. Increased binding of synovial T lymphocytes 
from rheumatoid arthritis to endothelial-leukocyte adhesion mol-
ecule-1 (ELAM-1) and vascular cell adhesion molecule-1 (VCAM-1). J 
Clin Invest. 1992;89(5):1445–52. doi:10.1172/JCI115734.
 74. Dessein PH, Joffe BI, Singh S. Biomarkers of endothelial dysfunction, 
cardiovascular risk factors and atherosclerosis in rheumatoid arthritis. 
Arthritis Res Ther. 2005;7(3):R634–43. doi:10.1186/ar1717.
 75. Rozenberg I, Sluka SH, Mocharla P, Hallenberg A, Rotzius P, Boren J, 
et al. Deletion of L-selectin increases atherosclerosis development in 
ApoE −/− mice. PLoS ONE. 2011;6(7):e21675. doi:10.1371/journal.
pone.0021675.
 76. Soeki T, Tamura Y, Shinohara H, Sakabe K, Onose Y, Fukuda N. Elevated 
concentration of soluble vascular endothelial cadherin is associated 
with coronary atherosclerosis. Circ J. 2004;68(1):1–5.
 77. Davis LS, Patel SS, Atkinson JP, Lipsky PE. Decay-accelerating factor func-
tions as a signal transducing molecule for human T cells. J Immunol. 
1988;141(7):2246–52.
 78. Piccoli AK, Alegretti AP, Schneider L, Lora PS, Xavier RM. Expression 
of complement regulatory proteins CD55, CD59, CD35, and CD46 in 
rheumatoid arthritis. Rev Bras Reumatol. 2011;51(5):503–10.
 79. Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in toler-
ance and autoimmunity. Immunol Rev. 2010;236:219–42. 
doi:10.1111/j.1600-065X.2010.00923.x.
 80. Okazaki T, Wang J. PD-1/PD-L pathway and autoimmunity. Autoimmun-
ity. 2005;38(5):353–7. doi:10.1080/08916930500124072.
 81. Mambetsariev N, Mirzapoiazova T, Mambetsariev B, Sammani S, Lennon 
FE, Garcia JG, et al. Hyaluronic Acid binding protein 2 is a novel regula-
tor of vascular integrity. Arterioscler Thromb Vasc Biol. 2010;30(3):483–
90. doi:10.1161/ATVBAHA.109.200451.
 82. Liote F, Champy R, Moenner M, Boval-Boizard B, Badet J. Elevated angio-
genin levels in synovial fluid from patients with inflammatory arthritis 
and secretion of angiogenin by cultured synovial fibroblasts. Clin Exp 
Immunol. 2003;132(1):163–8.
 83. Xie L, Palmsten K, MacDonald B, Kieran MW, Potenta S, Vong S, et al. 
Basement membrane derived fibulin-1 and fibulin-5 function as 
angiogenesis inhibitors and suppress tumor growth. Exp Biol Med 
(Maywood). 2008;233(2):155–62. doi:10.3181/0706-RM-167.
 84. Gagneux-Brunon A, Delanaye P, Legrand D, Cavalier E, Mariat C. NGAL, 
biomarker of acute kidney injury in 2012. Nephrol Ther. 2012;8(7):508–
15. doi:10.1016/j.nephro.2012.03.006.
 85. Venkatesha S, Hanai J, Seth P, Karumanchi SA, Sukhatme VP. Lipocalin 2 
antagonizes the proangiogenic action of ras in transformed cells. Mol 
Cancer Res. 2006;4(11):821–9. doi:10.1158/1541-7786.MCR-06-0110.
 86. Roman-Gomez J, Castillejo JA, Jimenez A, Cervantes F, Boque C, 
Hermosin L, et al. Cadherin-13, a mediator of calcium-dependent 
cell-cell adhesion, is silenced by methylation in chronic myeloid 
leukemia and correlates with pretreatment risk profile and cytogenetic 
response to interferon alfa. J Clin Oncol. 2003;21(8):1472–9. doi:10.1200/
JCO.2003.08.166.
 87. Reddy S, Devlin R, Menaa C, Nishimura R, Choi SJ, Dallas M, 
et al. Isolation and characterization of a cDNA clone encoding 
a novel peptide (OSF) that enhances osteoclast formation and 
bone resorption. J Cell Physiol. 1998;177(4):636–45. doi:10.1002/
(SICI)1097-4652(199812)177:4<636:AID-JCP14>3.0.CO;2-H.
 88. Simpson TR, Quezada SA, Allison JP. Regulation of CD4 T cell activation 
and effector function by inducible costimulator (ICOS). Curr Opin 
Immunol. 2010;22(3):326–32. doi:10.1016/j.coi.2010.01.001.
 89. Aicher A, Hayden-Ledbetter M, Brady WA, Pezzutto A, Richter G, Magal-
etti D, et al. Characterization of human inducible costimulator ligand 
expression and function. J Immunol. 2000;164(9):4689–96.
 90. Nurieva RI, Treuting P, Duong J, Flavell RA, Dong C. Inducible 
costimulator is essential for collagen-induced arthritis. J Clin Invest. 
2003;111(5):701–6. doi:10.1172/JCI17321.
 91. DeBell KE, Simhadri VR, Mariano JL, Borrego F. Functional requirements 
for inhibitory signal transmission by the immunomodulatory receptor 
CD300a. BMC Immunol. 2012;13:23. doi:10.1186/1471-2172-13-23.
 92. Ping P, Vondriska TM, Creighton CJ, Gandhi TK, Yang Z, Menon R, et al. A 
functional annotation of subproteomes in human plasma. Proteomics. 
2005;5(13):3506–19. doi:10.1002/pmic.200500140.
 93. Nanjappa V, Thomas JK, Marimuthu A, Muthusamy B, Radhakrishnan 
A, Sharma R, et al. Plasma Proteome Database as a resource for prot-
eomics research: 2014 update. Nucleic Acids Res. 2014;42(Database 
issue):D959–65. doi:10.1093/nar/gkt1251.
 94. Rifas L, Weitzmann MN. A novel T cell cytokine, secreted osteoclas-
togenic factor of activated T cells, induces osteoclast formation in a 
RANKL-independent manner. Arthritis Rheum. 2009;60(11):3324–35. 
doi:10.1002/art.24877.
 95. Zhu W, Trivedi CM, Zhou D, Yuan L, Lu MM, Epstein JA. Inpp5f is a 
polyphosphoinositide phosphatase that regulates cardiac hyper-
trophic responsiveness. Circ Res. 2009;105(12):1240–7. doi:10.1161/
CIRCRESAHA.109.208785.
 96. Edwards CJ, Feldman JL, Beech J, Shields KM, Stover JA, Trepicchio 
WL, et al. Molecular profile of peripheral blood mononuclear cells 
from patients with rheumatoid arthritis. Mol Med. 2007;13(1–2):40–58. 
doi:10.2119/2006-000056.Edwards.
 97. Kumanogoh A, Marukawa S, Suzuki K, Takegahara N, Watanabe C, 
Ch’ng E, et al. Class IV semaphorin Sema4A enhances T-cell activation 
and interacts with Tim-2. Nature. 2002;419(6907):629–33. doi:10.1038/
nature01037.
 98. Kaur H, Halliwell B. Evidence for nitric oxide-mediated oxidative dam-
age in chronic inflammation. Nitrotyrosine in serum and synovial fluid 
from rheumatoid patients. FEBS Lett. 1994;350(1):9–12.
 99. Kandasamy K, Keerthikumar S, Goel R, Mathivanan S, Patankar N, 
Shafreen B, et al. Human proteinpedia: a unified discovery resource 
for proteomics research. Nucleic Acids Res. 2009;37(Database 
issue):D773–81. doi:10.1093/nar/gkn701.
 100. Vizcaino JA, Cote RG, Csordas A, Dianes JA, Fabregat A, Foster JM, et al. 
The PRoteomics IDEntifications (PRIDE) database and associated tools: 
status in 2013. Nucleic Acids Res. 2013;41(Database issue):D1063–9. 
doi:10.1093/nar/gks1262.
